Oil palm shell (OPS) is a renewable resource obtained from agricultural solid waste after the extraction of palm oil. It has been previously reported that OPS can be used as a coarse aggregate substitute in the manufacture of structural lightweight concrete. Since OPS is an organic material, its properties may degrade after a certain period of time unless pre-treatment is applied on the aggregates. Polyvinyl alcohol (PVA) can be used to treat the OPS before being incorporated as coarse aggregates in concrete. It has been determined that the use of PVA as pre-treatment enables an improvement to the properties of raw OPS aggregates and consequently the resulting concrete. In this research work, the effect of PVA as pre-treatment on OPS aggregates on the mix proportion of OPS concrete was investigated. The results show that there was an increase in the slump values of the OPS concrete made with PVA treated OPS aggregates. The 28-day air-dry density and compressive strength of PVA treated OPS concrete slightly increased as compared to raw OPS concrete.
Introduction
In building construction, the self weight of the concrete element represents a substantial amount of the total dead load to be carried on the structure. By reducing the dead weight of a concrete structure, it can lower the load bearing capacity and consequently, a reduction in the size of the foundation. This also enables a reduction to the manpower required and increases productivity [1] . The reduction of concrete weight can be achieved through different methods, such as the use of smaller sections, hollow core concrete and by incorporating lightweight concrete.
In the past few decades, extensive research have been conducted to investigate the use of oil palm shell (OPS) which is a by-product from the agricultural industry as lightweight coarse aggregate in making structural lightweight concrete [2] [3] [4] [5] . Results have shown that concrete produced from OPS aggregates enables a reduction of approximately 17% to 19% of the self weight as compared to normal concrete [3, 5] and it also achieves the minimum compressive strength requirement of 17 MPa for structural lightweight concrete as stipulated in ACI 213R-87 [6] .
Mannan et al. [7] reported that polyvinlyl alcohol (PVA) can be used to improve the OPS aggregate properties and the engineering properties of OPS concrete. PVA can also be used in wood preservatives to improve the resistance against fungal decay and termite attack [8] . OPS, which is organic in nature may decompose and its properties may degrade after a certain period of time. Therefore, it is believed that the use of PVA as pre-treatment can be used as a means to increase the resistance against fungal decay and termite attack and subsequently improve the properties of raw OPS aggregates and the resulting concrete properties. This research aims to investigate the effect of the PVA pre-treatment on OPS on the properties of concrete (slump, 28-day air-dry density and compressive strength), by comparing the test results of the raw OPS concrete with the test results of an identical mix proportion but with full substitution of the raw OPS aggregates with the PVA treated OPS aggregates.
Materials
The materials used in this investigation are ordinary Portland cement (OPC) ASTM Type I, OPS and sand. The specific gravity, maximum nominal size and thickness of the OPS used throughout the research were 1.32, 12.5 mm, and 0.50 to 4.0 mm respectively. An industrial grade PVA was used as pre-treatment for the raw OPS aggregate and a polycarboxylate ether-type superplasticiser was used to improve the workability of the concrete mix.
Preparation of Raw and Pre-treatment of OPS Aggregates
In this research, OPS aggregates fully replaced the conventional coarse aggregates in concrete making. OPS collected from the palm oil mill was first washed and sieved to obtain the desired size. The raw OPS aggregates (without pre-treatment) were immersed in potable water for 24 ± 2 hours, and were in saturated-surface-dry (SSD) condition to prevent the absorption of water during mixing.
For pre-treatment, the raw OPS aggregates were immersed in 5% (w/v) concentration of PVA solution instead of potable water for 24 ± 2 hours before mixing. Immediately after the specific immersion period, the PVA treated OPS aggregates were removed from the PVA solution, and were also mixed in SSD condition.
Mix Proportion and Curing Method
Mannan and Ganapathy [4] reported that the mix design procedure as recommended in ACI for normal concrete and mix design procedure used for lightweight concrete incorporating artificially produced lightweight aggregates is not applicable for OPS concrete and can be done through trial mixes. This is because the grading, properties and characteristics (shape, surface texture, size and etc.) for OPS aggregates differ from commercial lightweight aggregates.
Based on the properties of the sand and raw OPS aggregates, the proportion of the concrete mix was first approximated using the absolute volume method [1] , followed by several modifications of the trial mixes to achieve practical end results. This absolute volume method was used to estimate the constituents to produce 1 m 3 of concrete.
The mix proportions of raw OPS concrete (mix A1-A4) with varying proportions in OPS content, water to cement ratio (w/c) and superplasticiser content are presented in Table 1 . Mix B1-B4 (PVA treated OPS concrete) were identical to mix A1-A4 respectively, in terms of mix proportions. However, mix B1-B4 were produced with PVA treated OPS aggregates as indicated in Table 1 . For all mixes, the cement used throughout the research was kept constant at 485 kg/m 3 . The sand/OPS ratio was in the range of 1.86 to 2.03 (by weight), in which OPS aggregates occupy approximately 39% to 42% of the total volume of the OPS concrete. 
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The slump [9] , 28-day air-dry density [10] and compressive strength [11] (at ages of 7 and 28 days) of each mix were determined to investigate its fresh and hardened concrete properties. All the concrete samples were cured in a water curing tank immediately after demoulding until testing except the air-dry density concrete samples which were left in ambient laboratory conditions (26 to 32 o C and 58 to 90% RH) for 28 days.
Effect of PVA on the Slump of OPS Concrete
The slump values of raw OPS and PVA treated OPS concrete are presented in Table 2 . The slump increases for concrete containing PVA treated aggregates when compared to the raw OPS concrete having the same mix proportion. The differences in slump between all mixes of raw OPS and PVA treated OPS concrete of the same mix proportion were in the range of 15 mm to 25 mm. This behaviour could be attributed to the increase in the viscosity of water phase around the aggregate-paste zone when the PVA solution was used, which prevents the "dry out" phenomena and consequently increases the workability of the concrete mixture. This trend was also reported by Balaha et al. [12] when the surface of ground waste tire rubber was pre-treated with PVA solution. In general, the slump values of fresh concrete for all mixes made with raw OPS and PVA treated OPS aggregates were within the workable range.
Effect of PVA on the 28-Day Air-Dry Density of OPS Concrete
The 28-day air-dry concrete density of raw OPS and PVA treated OPS concrete were in the range of 1845 kg/m 3 to 1857 kg/m 3 and 1864 kg/m 3 to1880 kg/m 3 respectively, all of which were in the required range of structural lightweight concretes as stipulated in ACI 213-87 [6] . It can be observed that PVA treated OPS concrete was only approximately 0.38% to 1.84% heavier than raw OPS concrete.
Effect of PVA on the Compressive Strength of OPS Concrete
Compressive strength test was conducted at ages of 7 and 28 days for all types of concrete mix under full water curing and the results are shown in Table 2 . The compressive strength of PVA treated OPS concrete was found to be higher than that of raw OPS concrete by 1.51% to 7.48% after 7 days and 2.43% to 5.84% after 28 days, depending on the aggregate content, w/c ratio and superplasticisr content. All concrete mixes have met the minimum required strength of 17 MPa for structural lightweight concrete as recommended in ACI 213-87 [6] . Mix B2 produced concrete with the highest compressive strength as compared to the other mixes, which was 30.80 MPa at the age of 28 days. It was approximately 5.84% higher as compared to the raw OPS concrete with the same mix proportion. 
